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Epidemiologic evidence has demonstrated that air pollution is associated with increased cardiovascular disease (especially coronary heart disease (CHD) morbidity and mortality) (1) . Meanwhile, accumulating evidence has suggested that community noise from road and air traffic is associated with an increased risk of CHD, especially myocardial infarction (MI) (2) (3) (4) (5) . In metropolitan areas, road traffic is a major contributor to ambient air pollution and the dominant source of community noise (6) (7) (8) (9) . Persons exposed to higher levels of air pollution might also be exposed to excessive traffic noise (6, 7, 10) . Therefore, it is possible that the observed associations between air pollution and adverse cardiovascular outcomes could be confounded by community noise and vice versa (6, 7) . Furthermore, these coexistent environmental pollutants might interact with each other in association with coronary mortality (6) .
In a previous study in metropolitan Vancouver, Canada (11), we found that living close to a major road was associated with a 29% (95% confidence interval (CI): 18, 41) increase in the risk of death from CHD. We further examined the associations between death from coronary disease and 4 major traffic-related air pollutants, including black carbon, particulate matter less than or equal to 2.5 lm in aerodynamic diameter (PM 2.5 ), nitrogen dioxide, and nitric oxide, and found that black carbon, an indicator of traffic-related fine particulate air pollution, was associated with a 6% (95% CI: 3, 9) increase in the risk of death from CHD. No robust associations were found with PM 2.5 , nitrogen dioxide, or nitric oxide (12) .
These findings suggested that exposure to traffic-related air pollutants cannot fully explain the higher risk of death from CHD associated with residential proximity to road traffic; traffic noise might also play a role in the observed association. We therefore investigated the relations between long-term exposure to community noise and CHD mortality, as well as the joint influences of community noise and traffic-related air pollution (black carbon) on the risk of CHD mortality.
MATERIALS AND METHODS

Study design
In British Columbia, Canada, the mandatory health insurance program provides health care coverage for nearly all residents (13) . We used linked administrative health insurance databases to assemble this population-based cohort (11, 12, 14) . The present study included a 5-year exposure period (January 1994-December 1998) and a 4-year follow-up period (January 1999-December 2002). All metropolitan Vancouver residents who had registered with the provincial health insurance plan, had resided in the study region during the 5-year exposure period, were 45-85 years of age, and had no previous diagnosis of CHD at baseline (January 1999) were included in the cohort.
During the 5-year exposure period, individual exposures to community noise and traffic-related air pollutants were estimated at each person's residence (residential postal code) using noise prediction and land-use regression models, respectively. During the 4-year follow-up period, instances of CHD death were identified from the provincial death registration database. The associations of CHD mortality with noise and black carbon were examined using the Cox proportional hazards regression model. This study was approved by the institutional review board of The University of British Columbia (Behavioural Research Ethics Board certificate #H08-00185).
Noise exposure assessment
We used the noise prediction software CadnaA (Datakustik, Greifenberg, Germany) to estimate annual average community noise levels at each person's residence (residential postal code) in 2003. The method has been described in detail elsewhere (15) . Briefly, noise exposure was based on transportation-related information, including road traffic data (e.g., speed limits, traffic volume, fleet composition, and road width), railway data (e.g., type of train, velocity, and frequency), and building heights and footprints. Aircraft noise data were obtained from aircraft noise exposure forecasts produced by Vancouver International Airport Authority. On the basis of these data, the annual dayevening-night A-weighted equivalent continuous noise level was calculated for each area covered by a 6-digit postal code. This metric (L den dB(A), hereafter referred to as dB(A)) integrated noise levels during the day, evening, and night, with a 5-dB(A) weighting added to evening noise and a 10-dB(A) weighting added to night noise to reflect increased sensitivity of residents to noise during these periods (16, 17) . Railways were a minor contributor to overall community noise in this region, and thus we did not separately assess railway noise exposure.
Air pollution exposure assessment
We used high-spatial-resolution land-use regression models to estimate participants' residential exposures to traffic-related air pollutants, including black carbon, PM 2.5 , nitrogen dioxide, and nitric oxide, in 2003 (18) (19) (20) . Furthermore, these estimates were combined with air quality-monitoring data to calculate monthly concentrations and average concentrations during the 5-year exposure period for each pollutant in each postal code area (11, 12) .
Assignment of exposure data
Because our exposure assessment did not cover the whole study region, a small proportion of study subjects for whom we were missing data were excluded. Some subjects had partially missing data because of changes in residences (moving from or to areas outside the exposure assessment domain); persons missing data for more than a total of 15 months or in more than 3 consecutive months during the exposure period were also excluded. For subjects who changed their residences, we calculated equivalent noise levels and average air pollution levels during the exposure period. The noise and air pollution data were assigned to study subjects based on their 6-digit residential postal codes. In urban areas, a residential postal code typically represents a high-rise building or one side of a city block; in rural areas, it may represent a larger area. Metropolitan Vancouver is highly urbanized; the vast majority of the postal codes represent a small geographic area. On average, a residential postal code includes about 35 persons.
Case definitions
The study outcome was death from CHD during the 4-year follow-up period, defined as having International Classification of Diseases codes 410-414 and 429.2 (Ninth Revision) and I20-I25 (Tenth Revision) listed as the cause of death in the death registration database (see Web Table 1 (available at http://aje.oxfordjournals.org/) for the codes for other cardiovascular diseases). Subjects who were hospitalized with CHD as the principal diagnosis (the diagnosis most responsible for a hospital admission) or primary diagnosis (the diagnosis that had a substantial influence on hospital length of stay) before baseline (based on data from 1991 to 1998) were regarded as having previously diagnosed CHD and were excluded from the analyses.
Preexisting comorbid conditions
Diabetes (21), chronic obstructive pulmonary disease (22, 23) , and hypertensive heart disease (21) are independent risk factors for CHD. Additionally, these chronic diseases and CHD share common behavioral risk factors. As in our previous analyses (11, 12) , we used these preexisting comorbid conditions as proxy variables for common behavioral cardiovascular risk factors (24) . To sufficiently identify subjects with preexisting comorbid conditions, we used all diagnoses in a hospitalization record (up to 16 diagnoses); one hospitalization record with the diagnosis of any of these chronic diseases during 1991-1998 was defined as the presence of preexisting comorbid conditions.
Neighborhood socioeconomic status
Because individual socioeconomic status (SES) data were not available, we used neighborhood SES to estimate individual SES (25, 26) . Study subjects were assigned neighborhoodincome quintiles from the 2001 Statistics Canada Census based on their residential postal codes. The method for calculation of neighborhood income quintiles has been described previously (11) .
Statistical analysis
The baseline characteristics of the study subjects across deciles of noise levels were compared using a chi-squared test for categorical variables, 1-way analysis of variance for continuous variables, and Tukey's post hoc analysis for pair-wise comparisons of continuous variables. Correlations between pollutants were examined using Spearman's rank correlation analysis.
The Cox proportional hazards regression model was used to determine the associations between noise or air pollution and CHD mortality. Age, sex, preexisting comorbid conditions, and neighborhood SES were included as covariates, and air pollution and noise variables were added to the final models. Personyears of observation were calculated from baseline to the date of CHD death or the end of follow-up. For persons who died from other diseases or moved out of the province, person-years were calculated from baseline to the date of death or the last known date in the province.
We first treated noise levels as a continuous variable to calculate the relative risks of CHD mortality associated with a 10-dB(A) elevation in noise levels. We then treated noise levels as a categorical variable to examine exposure-response relations by dividing study subjects into deciles based on noise levels; relative risks of death from coronary disease were calculated for each decile, with decile 1 (lowest) being the reference category. Because there was no substantial difference in effect estimates across deciles 2-9 (Web Figure 1) , the results were presented in 4 exposure groups: decile 1, deciles 2-5, deciles 6-9, and decile 10. All statistical tests were 2-sided and were performed using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
A total of 466,727 subjects who met the inclusion criteria were included at baseline. Of these subjects, we excluded 20,859 (4.5%) subjects for whom data on air pollution or noise were missing, which left 445,868 subjects for the analyses. During the follow-up period, 33,448 (7.5%) subjects were lost to follow-up; the reasons included moving out of the province (3.9%) and dying from other diseases (3.6%).
Overall, the annual average noise level was 63.4 dB(A) (interquartile range: 59.8-66.4). Noise levels were not strongly correlated with traffic-related air pollutant concentrations; traffic-related air pollutants were weakly correlated with each other, with the exception of nitrogen dioxide and nitric oxide (Table 1) . Compared with persons exposed to lower noise levels (decile 1), subjects in decile 10 were more likely to have preexisting comorbid conditions and lower neighborhood SES (Table 2) .
During the follow-up period, 3,095 subjects died of CHD (mortality rate ¼ 1.83 per 1,000 person-years). Residential noise exposure was associated with CHD mortality: A 10-dB(A) elevation in noise levels was associated with a 26% (95% CI: 17, 35) increase in the risk of CHD mortality. Adjustment for age, sex, preexisting comorbid conditions, and neighborhood SES halved the effect estimate, whereas further adjusting for PM 2.5 and nitrogen dioxide concentrations had little influence; additional adjustment for back carbon levels had a greater influence on the effect estimate, but a 10-dB(A) elevation in noise levels was still associated with a 9% (95% CI: 1, 18) increase in the risk of death from CHD ( Table 3 ). Web Table 2 presents results based on a 5-dB(A) increase in noise exposure. For other cardiovascular diseases, there were nonsignificant increases in mortality rates associated with noise exposure (Web Table 3 ). The associations between black carbon and cardiovascular disease mortality are presented in Web Table 4 .
When study subjects were categorized into noise deciles, subjects in deciles 2-5 and deciles 6-9 had little increase in the risk of death from CHD compared with persons in decile 1, whereas persons in decile 10 had a 22% (95% CI: 4, 43) increase in coronary mortality risk after adjustment for all covariates, including traffic-related air pollutants. These results suggested that there was no linear exposure-response relation between noise and coronary mortality (P ¼ 0.174 for test of linear trend across decile groups in the fully adjusted model) ( Table 3) .
Both noise and black carbon exposure were independently associated with death from CHD ( Figure 1) ; elevations equal to the interquartile range in noise (6.6 dB(A)) and black carbon (0.97 3 10
À5
/m) were associated with 6% (95% CI: 1, 11) and 4% (95% CI: 1, 8) increases in coronary mortality, respectively. We did not find any positive interaction between noise and black carbon on risk of coronary mortality when they were assessed on either additive (Table 4) or multiplicative (P ¼ 0.980 for the interaction term in the fully adjusted model) scales.
Stratified analysis showed that in the fully adjusted models, the risk of death from CHD associated with noise exposure was greater for women, persons 65 years of age or older, and persons with higher neighborhood SES. However, there was considerable overlap in the 95% confidence intervals of these subgroups (Table 5) .
For persons exposed to aircraft noise (n ¼ 294,783), the annual average noise level was 32 dB(A). Aircraft noise was less correlated with traffic-related air pollutants than was road traffic noise (Web Table 5 ). There was no significant increase in the risk of death from CHD associated with exposure to aircraft noise (Web Table 6 ).
DISCUSSION
In the present large population-based cohort study, we found that a 10-dB(A) elevation in residential noise levels was associated with a 9% increase in CHD mortality after adjustment for various covariates, including traffic-related air pollutants. There was no discernible linear exposure-response relation; persons in the highest noise decile (>70 dB(A)) had a 22% increase in the risk of death from CHD compared with persons in the lowest noise decile ( 58 dB(A)). Also in the fully adjusted model, an increase in the concentration of black carbon equal to the interquartile range (0.97 3 10 À5 /m; equivalent to approximately 0.8 lg/m 3 elemental carbon) was associated with a 4% increase in the risk of death from CHD. We did not detect any interaction between noise and black carbon with relation to coronary mortality. In persons exposed to aircraft noise, we did not find a significant increase in the risk of death from CHD compared with unexposed subjects.
Findings from previous studies have been inconsistent, but most studies have shown positive associations between community noise and coronary events. In a 9-year Dutch cohort study, Beelen et al. (27) reported that cardiovascular mortality increased 17% (95% CI: À6, 45) for persons exposed to higher levels of road traffic noise (>65 dB(A) vs. 50 dB(A)) and 11% (95% CI: À5, 28) in response to a 10-lg/m 3 increase in black smoke concentrations (about 1.1 lg/m 3 elemental carbon) (28); however, there was no discernible increase in CHD mortality rates (27) . In a case-control study in Stockholm County, Selander et al. (3) found that exposure to higher levels of road traffic noise (!50 dB(A) vs. <50 dB(A)) was associated with a 12% (95% CI: À5, 33) increase in MI risk after adjustment for nitrogen dioxide and other cardiovascular risk factors. After further excluding persons with hearing loss or other sources of noise exposure, the risk of MI increased by 38% (95% CI: 11, 71) (3). In a 5-year Swiss cohort study of 4.6 million subjects and 65 airports, Huss et al. (4) found that people exposed to higher levels of aircraft noise (!60 dB(A) vs. <45 dB(A)) had a 30% (95% CI: À4, 76) increase in MI mortality after adjusting for particulate matter less than or equal to 10 lm in aerodynamic diameter, residential proximity to major roads, and other covariates; when the analysis was restricted to persons who had lived in their residences for at least 15 years, the risk of death from MI increased by 48% (95% CI: 1, 118) (4). In some previous studies, investigators did not adjust for coexistent traffic-related air pollution but reported positive associations between noise exposure and CHD risk (2, 29) . As for other cardiovascular outcomes, our effect estimates for hemorrhagic stroke and congestive heart failure were largely comparable to those described in prior studies (27, 30) . As discussed previously (12) , some studies have also reported associations between black carbon and risk of death from CHD, but most of these studies did not consider coexistent community noise (12) . Potential biologic mechanisms for the observed associations have been proposed. Psychological stress has been demonstrated to be an independent risk factor for cardiovascular disease (31) (32) (33) . Chronic exposure to community noise might cause annoyance, speech interference, sleep disturbance, and psychological stress (15, 16, 34) ; therefore, chronic noise exposure may serve as a potent environmental stressor that might activate the sympathetic nervous and endocrine systems to release stress hormones, such as noradrenaline and cortisol (5, (35) (36) (37) (38) . Stress hormones bind with beta-adrenergic receptors in the heart and blood vessels (39), leading to increased myocardial contractility, flow velocity, coronary artery constriction, vulnerable plaque rupture, thrombosis, and subsequent myocardial ischemia or MI (39) (40) (41) (42) . As discussed previously (12) , there is also convincing pathophysiological evidence, such as pulmonary and systemic oxidative stress and inflammation, to support the associations between black carbon and CHD mortality (1) .
In the present study, correlations between modeled community noise and air pollution ranged from 0.14 (for PM 2.5 ) to 0.44 (for black carbon), which is within the range of correlations reported in previous studies (6, 7, 10) . In practice, some road traffic factors, such as speed, volume, and operating conditions, might differentially affect the emission levels of noise and combustion-derived traffic-related air pollution (43) (44) (45) . For example, for vehicle speeds less than 30 km/hour, noise levels are lower, but air pollution emissions are relatively higher; however, for vehicle speeds over 40 km/hour, noise levels, mainly from tire-road interaction, rapidly increase, whereas air pollution emissions are relatively lower (43, 44) . Furthermore, traffic volume is more strongly related to air pollution than to noise levels. For example, when traffic volume doubles, traffic noise levels increase 3 dB(A) (43) . In addition, some environmental factors, such as road pavement materials, noise barriers, and surrounding buildings, have little influence on air pollution emissions but may strongly affect road traffic noise levels, especially when vehicle speeds are over 40 km/hour (43) . Finally, meteorological factors, such as wind direction and speed, may strongly affect traffic-related air pollution but have a smaller influence on traffic noise levels (7). Rain and wet road surfaces may increase road traffic noise but may decrease ambient air pollution. All of these factors might partly explain the low-to-moderate correlations between noise and traffic-related air pollution in this study region.
Previous findings about sex differences in the associations between community noise and coronary mortality were Figure 1 . Log relative risks for coronary heart disease (CHD) mortality associated with an elevation equal to the interquartile range in noise levels (A-weighted equivalent continuous noise level of 6.6 decibels) or black carbon (BC) concentrations (0.97 3 10 À5 /m), metropolitan Vancouver, 1994-2002. Models were successively adjusted for age and sex; neighborhood socioeconomic status (SES) and comorbid conditions (CMC); particulate matter less than or equal to 2.5 lm in aerodynamic diameter (PM 2.5 ) concentrations; and nitrogen dioxide concentrations. The final model for black carbon was further adjusted for noise, and the final model for noise was further adjusted for black carbon. Bars, 95% confidence interval. inconsistent. In some studies, men were found to be more vulnerable to noise exposure than were women (2), whereas in other studies, there were no sex differences (3, 27) . We found that men and women had similar risks; however, after adjustment for traffic-related air pollutants, including PM 2.5 , nitrogen dioxide, and black carbon, women had a 7% nonsignificant excess risk of coronary mortality compared with men. This observation is supported by findings that women had greater levels of salivary cortisol than did men in response to noise exposure (36, 46) .
The present study had some limitations that should be considered. First, exposure assessment was conducted using the residential postal codes of the study subjects to estimate exposure at their residences. This method cannot precisely reflect actual individual exposure (47, 48) because many environmental factors, such as street canyons (49) , wind direction (7), noise barriers, and specific housing characteristics (50), as well as individual factors like noise sensitivity (51) , time spent at home (47, 52) , living room/bedroom orientation (5, 51), and occupational noise exposure (52, 53) , might substantially affect actual individual exposure levels. Nevertheless, it is likely that these factors might affect study subjects equally and thus cause nondifferential exposure misclassification, leading to underestimations of the true risk of coronary mortality (48) .
Second, this cohort was constructed using administrative health insurance databases. Some individual cardiovascular risk factors were not available, and thus we could not control for them in the data analysis. We adjusted for the following preexisting comorbid conditions: diabetes, chronic obstructive pulmonary disease, and hypertensive heart disease. Because these comorbid conditions and CHD share common behavioral risk factors, the adjustment was able to reduce the influences of unmeasured risk factors and these conditions themselves on the effect estimates to some extent (24) ; on the other hand, because these conditions might serve as intermediate variables for the associations of coronary mortality with noise and air pollution, the adjustment might cause underestimation of the true adverse effects (5, 54) . Furthermore, as discussed previously (11, 12), although cigarette smoking is the single most important risk factor for coronary mortality (55), it does not substantially affect the associations between fine particulate air pollution and CHD (56, 57) . Similarly, recent studies have also shown that cigarette smoking does not substantially affect the associations between community noise and coronary events (3, 27) .
Third, low individual SES is a risk factor for CHD (58) , and persons with low SES are more likely to be exposed to community noise and traffic-related air pollution (59) . Individual SES is thus a possible confounder for the observed associations. As individual SES were not available in this study (11, 12) , we used neighborhood income quintiles as a surrogate for individual SES. There is some evidence that this approach is valid for control of individual SES (25, 26) . In addition, in a subgroup analysis of the subjects (n ¼ 1,194) who participated in the Canadian Community Health Survey (2000-2001) , neighborhood income quintiles were strongly associated with individual annual household income, educational level, marital status, and daily fruit and vegetable intakes (all P < 0.001) (Web Table 7 ).
Finally, A-weighted equivalent sound pressure level based on the equal energy principle over a specific time period has been widely used in community noise exposure assessment (2-4, 16, 27, 29) . This method may be appropriate for continuous noise, such as road traffic noise, but cannot reflect actual disturbance caused by aircraft noise, which is composed of a small number of high-level discrete noise events (16) . This may partly explain the null association between aircraft noise and coronary mortality in our study.
In conclusion, in the present population-based cohort study, a 10-dB(A) elevation in residential noise levels was associated with a 9% increase in the risk of death from CHD. There was no discernible linear exposure-response relation; subjects in the highest noise decile (>70 dB(A)) had a 22% increase in CHD mortality compared with persons in the lowest decile ( 58 dB(A) ). An elevation in black carbon concentrations equal to the interquartile range (0.97310 À5 /m) was associated with a 4% increase in the risk of CHD mortality. We did not find any interactions between noise and black carbon levels with respect to coronary mortality. These findings suggest that both community noise and traffic-related fine particulate air pollution indicated by black carbon concentration may be partly responsible for the observed associations between exposure to road traffic and adverse cardiovascular outcomes.
